Super-stretchable, skin-mountable, and ultra-soft strain sensors are presented by using carbon nanotube percolation network-silicone rubber nanocomposite thin films. The applicability of the strain sensors as epidermal electronic systems, in which mechanical compliance like human skin and high stretchability (e>100%) are required, has been explored. The sensitivity of the strain sensors can be tuned by the number density of the carbon nanotube percolation network. The strain sensors show excellent hysteresis performance at different strain levels and rates with high linearity and small drift. We found that the carbon nanotube-silicone rubber based strain sensors possess super-stretchability and high reliability for strains as large as 500%. The nanocomposite thin films exhibit high robustness and excellent resistance-strain dependency for over ∼1380% mechanical strain. Finally, we performed skin motion detection by mounting the strain sensors on different parts of the body. The maximum induced strain by the bending of the finger, wrist, and elbow was measured to be ∼ 42%, 45% and 63%, respectively. S Online supplementary data available from stacks.iop.org/NANO/26/375501/mmedia
Introduction
Strain sensors transduce mechanical deformations to electrical signals such as a change of the capacitance or resistance. Even though commercially available strain sensors based on metal foils and semiconductors have a well-established technology and low cost of fabrication, they possess very poor stretchability (e<5%) due to the brittleness of the sensing materials [1] [2] [3] [4] . On the other hand, interest is dramatically arising in stretchable, skin-mountable, and wearable electronic devices due to their facile interaction with the human body and long-term monitoring capabilities under large strain conditions. Examples of such electronic devices include stretchable, skin-mountable, and wearable strain sensors for human motion detection [1, 2, 4−7] , flexible electronic skins for pressure visualization [8, 9] , or skinmountable devices for human body temperature monitoring [10] . Among those innovative electronic devices, highly stretchable (e>100%), skin-mountable, and wearable strain sensors (also known as 'epidermal' electronic devices) are needed because of their potential applications such as rehabilitation/personalized health monitoring [11] [12] [13] , sport performance monitoring [14, 15] , robotics [2, 16] , and entertainment technology (e.g. motion capture for games and animations) [1, 17] . As alternatives to conventional strain gauges, capacitive and resistive types of stretchable strain sensors have been developed by using nanomaterials and micro/nanostructures [1, [3] [4] [5] 18] . In particular, percolation networks of nanomaterial/polymer composites can maintain their electromechanical stability for high strains. High performance stretchable capacitive type strain sensors were fabricated by laminating a flexible dielectric layer between a pair of stretchable electrodes mainly made of carbon nanotubes (CNTs) and Ag nanowires (AgNWs) [16, [18] [19] [20] [21] [22] [23] . Super-stretchable (e∼300%) strain sensors with excellent linearity, hysteresis, and creep performance were reported using Dragon Skin ® as a dielectric layer and CNT thin films as stretchable electrodes [18] . However, very low sensitivities or gauge factors (GFs1), unpredictable response due to unstable overlaps of the capacitive area, and capacitive interaction with the human body are among the main drawbacks of capacitive type strain sensors, limiting their applications as epidermal devices [18, 21] . In parallel, resistive type flexible strain sensors have been achieved using composites of flexible substrates and nanomaterials such as carbon nanotubes (CNTs) [5, 24, 25] , nanowires (NWs) [1, 26, 27] , nanoparticles (NPs) [28] and graphene [2, 3, 6, 25, 29, 30] . The resistance-strain dependency in these types of strain sensor originates from geometrical changes [3, 4] , change of the bandgap interatomic spacing [4, 31] , crack propagation in the sensing thin films [5, 29, 31] , disconnection between sensing elements [1, 3, 4, 26, 32] , and tunneling effect [25, 31, 33, 34] . Despite the stretchability of the resistive type strain sensors, they typically respond to applied strains with low GFs, high nonlinearity, and hysteresis [2, 4, 5, 21, 24, 29, 32, 35, 36] . For instance, strain sensors made of aligned CNT thin films on flexible substrates show excellent stretchability (e∼280%) with high reliability. However, these sensors suffer from very low sensitivities (GFs0.82) and high hysteresis [5] .
CNTs have been widely used in flexible electronic devices [37, 38] , sensors and actuators [5, 39] , and biomaterials [40] [41] [42] due to their excellent mechanical, electrical, and thermal properties [43] . A percolation network of CNTs coupled with elastomeric polymers is able to maintain electrical conductivity even under high stretching due to the continual contact between CNTs within the percolation network. On the other hand, polydimethylsiloxane (PDMS) has commonly been utilized as a flexible substrate integrated with nanomaterials for strain sensing due to its transparency, curability, non-toxicity, and biocompatibility [44, 45] . Numerous types of strain sensor have been explored by the use of CNTs as fillers and PDMS as flexible substrates. However, most of the previously fabricated strain sensors exhibit highly nonlinear responses and high hysteresis with lower stretchability required for epidermal electronic applications [5, 24, 25, 46] . Hysteresis is mainly caused by the friction and poor interfacial adhesion between CNTs and the polymer matrix [1, 24] . In addition to the poor sensing performance of the CNT-PDMS composite based strain sensors, PDMS substrates bear much higher Young's modulus (0.4-3.5 MPa) than that of human skin (25-220 kPa), and this discrepancy becomes larger when PDMS is mixed with CNTs [1, 4, 16, [47] [48] [49] . Also, stiffening and aging of PDMS due to water absorption is another special restriction of the use of PDMS as a substrate for skin-mountable electronic devices [50] . Aging of PDMS can make it stiffer and more brittle. Therefore, delamination and sliding of strain sensors occur when they are mounted on the human skin, restricting their applications as epidermal devices. As an example, we have developed stretchable and sensitive strain sensors based on AgNW network-PDMS nanocomposites for human motion detection [1] . However, sliding of the strain sensors on the human body or clothing was observed during experiments. Sliding of the strain sensors increases noise and inaccuracy in the response and underestimates the actual strains occurring on the human skin. Hence, high performance strain sensors made of softer materials than PDMS are required for accurate detection of the human skin motion. Such devices could be directly laminated onto the complex and curvilinear surface of the human body without any mechanical constraints, slippage, or delamination.
Herein, we report highly flexible, super-stretchable, and ultra-soft strain sensors based on nanocomposites of the CNT percolation networks-silicone rubber (Ecoflex ® , platinumcatalyzed silicone). We selected Ecoflex as our flexible substrate for several reasons. First, we found that ultra-soft Ecoflex with a Young's modulus of ∼125 kPa exhibits mechanical compliance as high as that of the human skin and approaches the requirements for the human epidermis [4, 51] . Secondly, we believe that strain sensors made of the CNTEcoflex nanocomposite will possess high performance characteristics due to strong interfacial bonding between the CNTs and the Ecoflex matrix. Thirdly, as compared to the aging effect of PDMS, Ecoflex is an environmentally stable polymer due to its water resistivity and is suitable for longterm sensing applications. Lastly, biocompatible Ecoflex could be easily utilized as a skin-mountable device without any restriction, skin irritation, or discomfort. The performances of the strain sensors including stretchability, linearity, hysteresis, drift, long-term stability, and response time were shown to be excellent as compared with previously developed stretchable strain sensors [2, 4, 5, 24] . The CNT-Ecoflex nanocomposite based strain sensors possess super-stretchability of ∼ 500%, high linearity (R 2 >0.95), very high reliability, and fast response speed with small hysteresis and drift, simultaneously. The strain sensors are independent of strain rate and their sensitivity can be tuned by the number density of the CNT networks. To illustrate the applicability of our strain sensors as epidermal devices, we conducted human skin motion detection by mounting the strain sensors on the human skin. The strain sensors respond to human skin motion with good sensitivity, fast response, and high repeatability.
Experimental section

Preparation of the CNT solution
Multi-walled carbon nanotubes (MWCNTs) with an average length of 5-20 μm and average diameter of 16±3.6 nm were purchased from Hyosung Co., South Korea. 0.05%wt. of nonfunctionalized CNTs in isopropyl alcohol (IPA) was sonicated for an hour and the solution was further stirred for another hour to release the agglomerated CNTs and perfectly suspend all CNTs in the IPA medium. The uniform suspension of CNTs in IPA was stored for further experiments.
Fabrication of samples
Scheme 1 illustrates the structure and basic principles of our strain sensors. The strain sensors consist of CNT-Ecoflex nanocomposite thin films laminated between the top and bottom layers of Ecoflex. When the strain sensors are stretched out, re-orientation and re-positioning of CNTs within the percolation network increases the base resistance of the strain sensors. Moreover, upon relaxation of the strain sensors, reestablishment of the percolation network inspired by the elastic force of Ecoflex recovers the resistance. The fabrication processes of the CNT-Ecoflex nanocomposite thin films is schematically illustrated in figure 1(a) . Here, instead of very complex and difficult dispersion methods (i.e. dispersion of CNTs inside the polymer matrix) for the fabrication of nanocomposites [52] , we successfully fabricated the CNTEcoflex nanocomposite by the infiltration of the liquid polymer inside the porous CNT network thin film in a controllable manner [1, 20, 53] . Air-spray coating was utilized as a facile, scalable, and low cost method for the deposition of the CNT thin films (spray pressure @ 2 bars). The CNT solution was coated on the patterned polyimide (PI) films patterned with a plotter (GRAPHTEC, CE2000-120) at 100°C to obtain the CNT percolation thin films. Both the resistance and thickness of the CNT thin films could be controlled by the amount and density of the sprayed solution. The CNT thin films were annealed at 200°C for 30 min to remove residual organic components. In order to avoid the soaking of the liquid elastomeric polymer inside the space of the connected CNTs, which dramatically decreases the electrical conductivity of the percolation network, the annealed CNT thin films were further pressed by a PI stamp for better connection between adjacent CNTs. Then, the CNT thin films were transferred to the polymer medium by casting the liquid Ecoflex (with an average thickness of 0.5 mm) on top of the patterned CNT thin films and curing it at 70°C for 2 h. Afterwards, the Ecoflex layer embedded with the CNT film was peeled off from the PI substrate. All CNTs were buried just below the surface of Ecoflex due to the penetration of the liquid Ecoflex into the network of the CNT thin film to form a robust nanocomposite of CNTs and Ecoflex. Then, copper wires were connected to the two ends of the CNT thin film with silver paste. Finally, another layer of liquid Ecoflex with the same thickness (∼ 0.5 mm) was cured on top of the CNT thin film to form a sandwiched structure (i.e. Ecoflex layer/CNT thin film nanocomposite/Ecoflex layer).
Rosette type strain sensors
Rosette type strain sensors were fabricated first by patterning the PI film using a plotter (see 'Fabrication of the rosette type strain sensors' section in the supplementary information for more detail). Then, a high density CNT thin film was spray coated in the electrode areas. Next, a very low density CNT thin film was coated in the sensing area, and the whole deposited CNT thin film was transferred onto the Ecoflex matrix. Finally, the peeled-off CNT thin film was covered with another layer of Ecoflex.
Results and discussion
Figure 1(b) illustrates the transferred CNT thin films on the polymer matrix with different shapes, good stretchability, softness, and robustness. Strain sensors were fabricated by transferring the slender rectangular patterned CNT thin films (3 mm×45 mm) onto the Ecoflex matrix. Figure 1 (c) shows photographs of the fabricated strain sensors under bending and twisting with ultra-softness and flexibility. They can be directly mounted on the human skin with perfect contact and negligible slippage. Figure 1 (d) illustrates photographs of a strain sensor at its original length and with over 500% strain, showing the super-stretchability of the strain sensor. Figure S2 (a) in the supplementary information illustrates a transmission electron microscopy (TEM) image of the surface of the CNT thin film transferred onto the polymer substrate. CNTs are randomly and uniformly dispersed on the surface of the Ecoflex layer without voids and detachment, showing successful transfer of the CNT thin film from the PI substrate onto the Ecoflex film. When the liquid Ecoflex is cast onto the CNT network, it penetrates into the porous network of the CNTs due to the low viscosity of the liquid Ecoflex and forms a robust nanocomposite of CNTs and Ecoflex. It should be noted that the selection of the donor substrate is very important for the successful transfer of the thin film to the target substrate. We used PI film as the donor substrate due to its very low surface energy (∼ 44 mJ m −2 ) and high contact angle (∼ 74°), ensuring weak adhesion with the coated CNT thin films [54] . Therefore, the CNT thin films can be easily detached from the PI substrate. For example, Ecoflex film did not completely peel off from the glass substrate because of the strong binding of the CNT thin films and Ecoflex with glass (see figure S3 in the supplementary information). Figure S2 (b) shows a high resolution TEM image of a single CNT embedded on the surface of the Ecoflex layer. As the figure depicts, the whole structure of the CNT is covered by Ecoflex molecules, providing strong adhesion between the CNTs and Ecoflex. It is noteworthy to mention that we proposed the sandwiched structure to reduce the wrinkling and plastic deformation of the CNT-Ecoflex nanocomposite layer, which occur in the case of the simple embedded structure (i.e. a nanocomposite thin film on top of the Ecoflex layer without an additional Ecoflex cover layer), inducing high nonlinearity and unstable electromechanical behavior (see figure S4 in the supplementary information) [1, 25, 45] . In a bilayer system such as the simple embedded sample with the stiff CNT-Ecoflex nanocomposite layer on the compliant Ecoflex substrate, spontaneous wrinkle patterns emerge to release the compressive strain caused by mechanical instability [1] . In contrast, the sandwich structure sensor prevents the wrinkling by forming a symmetric layer structure and strengthening the CNT-Ecoflex nanocomposite layer. In addition, the sandwich structure protects the nanocomposite thin film from physical contact and damage by the complete coverage of the thin film on both sides.
In order to characterize the electromechanical behavior of the CNT-Ecoflex nanocomposites, they were clamped to a motorized moving controller (Future Science Motion Controller, FS100801A1P1). Then, strain/release cycles with different strain levels and rates were applied to the strain sensors while the current changes were measured under a constant voltage of 4 V with a potentiometer (CH Instruments, Electrochemical Workstation, CHI901D). In some strain sensors, the initial resistance was increased by ∼10% in the first few stretching/releasing cycles, while the response was highly reproducible afterwards. This could be due to the permanent replacement of some CNTs within the Ecoflex matrix in the first cycle. Figure 2(a) shows a typical curve of the relative change in resistance against the applied strain for strain sensors with different CNT network densities. The density of the CNT network was controlled by the amount of spray-coated CNT solution. For example, strain sensors with initial resistances of 15.5 and 134 kΩ were achieved when 5 and 2.5 ml of the CNT solution were coated on the patterned PI film (15×80 mm 2 ). As the figure depicts, the strain sensors respond to the applied strain with excellent linearity (R 2 >0.98) for a wide range of strains (from 0% to 100%). The GF, the slope of the relative change of resistance with respect to the applied strain, increases by lowering the network density in a controllable manner. We observed this correspondence during all of the experiments. The change of the electrical conductance within the percolation network is the main reason for the resistance-strain dependency of the nanocomposite. Upon stretching, CNTs are separated apart within the percolation network, increasing the tunneling resistance between adjacent CNTs and consequently reducing the electrical conductance [4, 24] . The sensitivity is much higher in the low density network since fewer parallel conduction pathways contribute to the electrical conductivity. We believe that much higher sensitivity can be achieved by the precise control of the deposition parameters. Figure 2(b) presents the hysteresis performance of a strain sensor (5 ml CNT solution coating) at strains of e=50% and 100% with a strain rate of 40% s −1 . As the figure illustrates, the electrical resistance of the strain sensor was fully recovered after releasing it from the strain with negligible hysteresis. In addition, we found that the performances of the strain sensors are almost independent of the strain rates, see figure S5 in the supplementary information. Figure 2(c) shows the dynamic response of a strain sensor under repeated stretching/releasing cycles with 0-500% tensile strain. The resistance of the sensor was almost recovered after releasing it from 500% tensile strain, indicating the super-stretchability of our strain sensors. As illustrated in the figure, there are excellent overlaps between the loading profile and the response of the sensor with excellent linearity and hysteresis performance. We also examined the drift and overshoot behavior of our strain sensors. As shown in figure 2(d) , the strain sensor was subjected to random strains and held at each strain for 120 s, while the current was measured. The strain sensor exhibits a small overshoot by the strain change, which may be due to the stress relaxation and viscoelastic nature of the polymers [32, 55] . When the elastomer is stretched by external tensile loading, tensile stress develops in the elastomer and is then transferred to the CNT-elastomer nanocomposite. This causes re-arrangement and re-orientation of the CNTs and the electrical resistance of the CNT network is increased as a consequence. However, the tensile stress is reduced by the stress relaxation effect and therefore, the positions and orientations of the CNTs are partially restored as time passes. Therefore, the electrical resistance is gradually decreased when a constant tensile strain is applied for a longer duration. After a 120 s holding time, the overshoot resistance value was decreased by 3.4, 5.2, 6.3, and 6.8% at strain values of 29%, 58%, 87%, 116%, respectively. It can be clearly seen that the steady state current value remains almost identical under the same strain (e.g. at 58% of strain, the steady state current was 47.8 μA with a small standard deviation of 0.8 μA) (see figure  S6 in the supplementary information) . Next, to evaluate the failure strain of the sensor, it was subjected to a continuously increasing strain with a rate of 30% s −1 , as shown in figure  S7 . The film was electromechanically robust for over ∼1380% stretching and responded to the applied strain with good sensitivity and linearity, although we could not measure the failure strain level due to the limitations of our experimental setup. The very high failure strength of the nanocomposite may be due to the excellent interfacial bonding and load transfer between the CNT fillers and the Ecoflex matrix. Due to the strong bonding between the CNTs and Ecoflex, no slipping or detachment between them can occur. When a high strain is applied, the complicated and entangled CNT network is stretched and unfolded but no breakage or fracture occurs due to the strong bonding between the CNTs and Ecoflex. Therefore, very high strain can be applied to the CNT-Ecoflex composite strain sensor without causing electrical failure. The performance of the CNT-Ecoflex nanocomposite based strain sensors, especially in terms of linearity, hysteresis, and stretchability are much better than previously reported strain sensors made of carbon-based nanomaterials/polymer composites [2, 4-7, 24, 32] with nonlinear response and hysteresis, ZnONWs/polymer composites with linear response and stretchability of up to 50% [27] , and AgNWs/polymer nanocomposites with linear response of up to 40% and stretchability of 70% [1, 26] . A comparison between the performances of some newly developed strain sensors and our strain sensors is provided in table S1 in the supplementary information.
We believe that the linearity, hysteresis performance, and durability of the nanocomposite based strain sensors are mostly affected by the structure of the strain sensors (i.e. removing the plastic deformation/wrinkling of the nanocomposite thin film by the sandwiched structure), the properties of the polymer, and the interaction between the fillers and the polymer matrix [5, 25] . Furthermore, hysteresis is mainly caused by the friction force between the filler elements and the matrix due to the slippage of fillers under stretching and the delay time associated with the re-establishment of the percolation network upon release [45, 56] . To address this, we examined the interfacial adhesion between the CNTs and the Ecoflex matrix through TEM observations in pre-cracked walls. A small crack was induced in a nanocomposite thin film and then the nanocomposite film was ripped into two parts by tensile loading (i.e. the crack was in the transverse direction of stretching), as shown in figure 3(a) . The crosssections of the cracked zones were observed by TEM imaging to examine the interactions between the CNTs and Ecoflex. the CNTs and the Ecoflex matrix. Moreover, the strong binding between the CNTs and Ecoflex could be due to the mechanical interlocking of the CNTs and polymer molecules owing to the very low viscosity of the liquid Ecoflex, covalent chemical bonding and non-covalent bonding like van der Waals and electrostatic forces [36, 45, 57] . Previous studies indicate that the interfacial binding mechanism between CNTs and polymers is still controversial. For example, in certain polymers, strong binding between CNTs and polymers was observed, although there are several contrasting findings [36, 57, 58] . In our case, the excellent hysteresis performance of the CNT-Ecoflex nanocomposite based strain sensors is achieved by strong binding between the CNTs and the Ecoflex matrix. Moreover, CNTs have excellent elastic properties with tensile strength of up to 40% [59] , enabling the CNTs to move and stretch with the elongation of Ecoflex. The CNTEcoflex nanocomposite consists of numerous CNTs that are entangled and folded in a complex network. Therefore, when an external strain is applied, unfolding of the entangled CNTs is more probable than stretching in their axial directions. Also, slippage of the CNTs inside the Ecoflex matrix is less probable owing to the excellent elastic behavior of the CNTs as well as the strong binding between the CNTs and Ecoflex, minimizing the hysteresis effect. Interestingly, an increase of the initial resistance in the first cycle under high strain level (>100%) can also be identified with this model. High strains cause some CNTs to exceed their elastic elongation limit, thus leading to permanent sliding of these CNTs from the Ecoflex matrix or fracturing of some CNTs, raising the initial resistance [60] . Being different from conventional metal foil based strain sensors, the resistance-strain dependency of the CNTEcoflex nanocomposite strain sensors is not mainly due to the geometrical changes in the sensing area. Instead, a significant contribution originates from the tunneling effect between the CNTs and structural deformation of the CNTs themselves [24, 36] . Electrons can tunnel through the polymer matrix when the distance between two neighboring CNTs is within a cut-off distance. The tunneling resistance is highly dependent on the distance between the CNTs. Moreover, stretching of the nanocomposite thin film results in the increase of the interspace at the CNT-CNT junctions and consequently an increase of the tunneling resistance [24] . We believe that besides the deposition parameters, the sensitivity of the strain sensors can be improved by using short length CNTs. With the same density, a larger number of tunneling junctions exist for a short length CNT network, enhancing the piezoresistivity. However, this may also compromise the linearity and stretchability of the strain sensor. In our previous work, we identified that the main mechanism for the piezoresistivity of the AgNWs/PDMS nanocomposite is the disconnection between the AgNW-AgNW junctions caused by sliding and complete recovery of AgNWs within the PDMS matrix due to the rigidity of NWs with small fracture strains of 0.92-1.64% and weak interfacial adhesion between the AgNWs and PDMS [1, 20] . However, the dominant reason for the piezoresistivity of the CNT-Ecoflex nanocomposites is the tunneling effect due to the elastic behavior of CNTs and strong interfacial binding between the CNTs and Ecoflex, rather than disconnection between neighboring CNTs [36, 61] .
Further tests were carried out to evaluate the long-term stability, response time, and temperature dependency of the strain sensors. A strain sensor was subjected to more than 2000 cycles of repeated loading/unloading (from e=0% to e=300%) with a strain rate of 20% s −1 . Figure 4 (a) shows the long-term performance of the strain sensor with excellent stability and recoverability. We could observe a small drift in the resistance at the loading state due to the possible sliding of the strain sensor from the clamps at such a high level of strain. However, the base resistance of the strain sensor was almost constant under cyclic loading, showing the excellent reliability of the strain sensors. To the best of our knowledge, this is the only reported strain sensor with this level of stretchability and reliability to date. For example, a stretchability up to ∼ 200% with complete recovery of the resistance after 3300 cycles in the case of CNTs/PDMS composites and a stretchability up to ∼ 200% with complete recovery of capacitance after 1800 cycles for CNTs/Dragon rubber composite based strain sensors have been reported in the literature [5, 18] . The high stretchability of our strain sensors is due to the ultra-high stretchability of Ecoflex itself and the strong binding between the CNTs and Ecoflex. To calculate the response time of the strain sensors, a strain sensor was linearly stretched from 0% to 90% with a high strain rate of 100% s −1 (i.e. ramp strain profile, the inset of figure 4(b) ) while the response of the strain sensor was measured. We found that the response of the sensor could be assumed to be a first order dynamic system, as shown in figure 4(b) . The response of a first order system is given by:
where τ is the time constant of the system, and C(S) and R(S) are the Laplace functions for output and input, respectively. For a ramp input, the Laplace functions of the load and response are R(S)=k/S 2 and C(S)=k/(S 2 (τS+1)), respectively. Thus, the inverse Laplace transformation of the output response is:
Our experimental data was fitted by the above equation and the calculated k and τ values are 2.44 and 0.144 s, respectively. Therefore, the 90% time constant (τ 90% ) for our strain sensors is ∼332 ms. If we consider the unknown delay of the measurement system, the actual time constant for the sensor itself would be even shorter than this. The response time of the CNT-Ecoflex nanocomposite strain sensors is slightly larger than that of our AgNWs-PDMS nanocomposite strain sensors (∼ 200 ms) [1] . This could be due to the softness of the Ecoflex matrix, providing a lower recovery force for the fast re-establishment of the CNT percolation network.
By nature, the conductivity of all metal or semi-conductor materials is affected by the temperature. However, linear resistance-temperature dependency is desirable for sensors since the temperature effect can be compensated for by offset calibration and Wheatstone bridge configuration or more precisely with thermometers [4, 5] . A strain sensor was put into a convection oven while its temperature was gradually increased from 35°C to 80°C. Figure 4(c) shows the relative change in resistance for the sensor with the applied temperature. The CNT-Ecoflex nanocomposite shows a negative temperature coefficient with excellent linearity (R 2 =1) and with a slope of (ΔR/R 0 )/ΔT=0.33% K −1 . This linear temperature response of our sensor is superior to the nonlinear temperature dependency of nanocomposites made of MWCNTs and PDMS, styrene-(ethylene-co-butylene)-b-styrene (SEBS), epoxy and polypropylene (PP) [46, [62] [63] [64] .
As our experimental results reveal, the CNT-Ecoflex nanocomposite based strain sensors are super-stretchable, ultra-soft, and high performance strain sensors. The strain sensors could be utilized as epidermal electronic systems in which the strain sensors could be easily mounted on the human skin without any discomfort. To show the applicability of our strain sensors as skin-mountable electronic devices, they were attached to different parts of the body for skin motion detection. For example, we conducted index finger, wrist, and elbow joint motion detection using a CNT-Ecoflex nanocomposite based strain sensor with GF∼1.75. The strain sensor was directly mounted to the skin of the finger by using an adhesive bandage attached to the electrode parts of the strain sensor, see inset of figure 5(a) . The strain sensor has perfect adhesion to the skin without any sliding or delamination. The response of the strain sensor to bending/relaxing with excellent sensitivity is illustrated in figure 5(a) . The more bending the sensor undergoes, the greater the increase in the resistance. The maximum measured strain upon bending of the index finger is ∼ 42%, in good agreement with previously reported strains (35%-45%) [2, 7, 21] . Wrist bending detection was conducted by attaching the strain sensor to the wrist joint, as shown in the inset of figure 5(b) . The response of the strain sensor was measured upon downward bending and recovery to a straight position of the wrist. As figure 5(b) depicts, the strain sensor responds to cyclic bending/relaxing in a reversible manner (see 'wrist motion detection video' in the supplementary information). The maximum strain for the wrist bending is measured as about ∼ 45%. We also conducted elbow joint bending measurements as shown in the inset of figure 5(c) . The maximum strain value measured by the bending of the elbow is about ∼ 63%. We found very good agreement between the strain values measured by our strain sensors and the actual strain values, see figure S8 in the supplementary information. The abovementioned experiments highlight the potential of using CNT-Ecoflex nanocomposite based strain sensors as epidermal devices for human skin motion monitoring.
Tissue swelling and expansion monitoring
Skin motion detection was performed by using our CNTEcoflex nanocomposite based strain sensors. A single strain sensor can detect the strain or mechanical deformation only in one direction defined by the mounting direction of the strain sensor. However, human skin has a complex and multidirectional plane strain field. Since numerous fibers existing underneath skin are tightly grouped and interwoven into bundles, strain fields and their directional components are highly coupled [65] . Therefore, complicated surface skin motion detection is required for several biomedical applications such as wound healing and tissue swelling/expansion monitoring [4, 30] . To characterize the plane skin motion sensing capabilities of our strain sensors, we developed rosette type strain sensors composed of three strain sensors connected in the center with orientation of 120°to each other, as shown in figure 6(a) . By using rosette type strain sensors, three components of the strain tensors with respect to the defined coordinate system (i.e. e x , e y , and γ xy ) in a plane deformation can be calculated (see 'Rosette type strain sensors' section in the supplementary information). Figure 6(b) shows the fabricated rosette strain sensor in the original state and when biaxially stretched. To avoid contact noise caused by using rigid electrodes attached to the sensing thin film, we used very high density CNT-Ecoflex nanocomposite thin films as flexible electrodes whose resistance-strain dependency was much smaller than that of a sensing part made of a very low density network. Figure 6 (c) illustrates the rosette type strain sensor mounted on the wrist. During bending/ relaxing, plane strain is accommodated by the strain sensor. Figure 6(d) shows the normalized resistance changes for sensors a, b, and c under repeated bending/relaxation cycles. The normalized resistance changes of sensor a (∼ 30%) are much higher than those of sensors b and c (∼ 10%). These measurements indicate that larger strain is accommodated by sensor a because of the bending direction. These signals of the individual strain sensors can be potentially used for the calculation of all strain components in the surface deformation. More comprehensive design of multiaxial strain sensor arrays and their application to the strain field analysis of skin will be conducted in future. 
Conclusions
In this paper, super-stretchable, skin-mountable, and sensitive strain sensors were developed by using CNT percolation network-Ecoflex nanocomposites. The sensitivity of the strain sensors could be controlled though the number density of the CNT percolation network. Excellent hysteresis performance at different strain levels and rates with high linearity and negligible drift are characteristics of the strain sensors. The strain sensors possess super-stretchability with full resistance recovery and high reliability for strains as large as 500%. Skin motion detection was conducted by mounting the strain sensors on different parts of the body as a promising application. The maximum strains accommodated by our strain sensors by the bending of the finger, wrist, and elbow joint were measured to be ∼ 42%, 45% and 63%, respectively. Finally, rosette type strain sensors were developed to detect all strain components in the plane deformation induced by human skin motion. We believe that our developed strain sensors could open up new applications as epidermal electronic devices. They could be used as human motion detectors for virtual reality, robotics, and entertainment applications.
